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Urban stormwater runoff is often considered as one of the most significant contributors
to water pollution. Particulates are commonly regarded as the primary form of
pollutant transport in the urban environment, but the contribution from the dissolved
pollutants can also be significant. This study aims to investigate the dissolved pollutant
transport process over urban catchments, especially the effects of buildings and spatial
distribution of pollutants. The concept of “exchange layer” has been adopted and an
equation has been proposed to describe the release process of dissolved pollutant
from the exchange layer to the runoff water. A horizontal two-dimensional water flow
and pollutant transport model has been developed for predicting dissolved pollutant
runoff based on the shallow water assumptions and the advection-diffusion equation.
A series of laboratory experiments have been conducted to verify the proposed model.
It has been demonstrated that both the rainfall runoff and the pollutant runoff can be
predicted accurately. Buildings slow down the runoff and pollutant transport processes,
especially when buildings are staggered. The non-uniform distribution of pollutants over
the catchment greatly influences the pollutant transport process over the catchment.
This work provides insight into the effects of buildings and initial pollutant distribution
on the dissolved pollutant transport phenomenon, which can help better design the
pollution mitigation strategies.
Keywords: dissolved pollutant, stormwater, rainfall-runoff, pollutant transport, diffused pollution, urban
INTRODUCTION
Urban stormwater runoff has been widely recognized as an important source for water quality
degradation (Brezonik and Stadelmann, 2002; Shaw et al., 2006; Brett and Gavin, 2010; Revitt et al.,
2014). Ongoing urbanization and thus the increased urban ground area are likely to exacerbate
the problem (Wang et al., 2013; Naves et al., 2017). In this context, an appropriate pollutant
transport model for predicting the runoff processes over contaminated grounds will be valuable
for understanding the urban pollutant transport process and mitigating water pollution.
Many researchers have focused on the pollutant transport over simple impervious surfaces,
such as road and roof surfaces (Metcalf and Eddy Inc, 1971; Sartor et al., 1974; Kim et al.,
2005; Egodawatta et al., 2007, 2009; Muthusamy et al., 2018), and have established and improved
the first-order decay model. Metcalf and Eddy Inc (1971) proposed the exponential wash-off
equation, which assumes that the rate of pollutant transport from an impervious surface is directly
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proportional to the runoff rate and the availability of pollutants.
Sartor et al. (1974) verified the exponential equation through
rainfall simulation experiments. Egodawatta et al. (2007, 2009)
applied such a model to pollutant transport on road and the
roof surfaces. They suggested that a rainfall event only had the
capacity (depending on rainfall intensity) to transport a fraction
of pollutants available on the surface. Hence, an additional
term referred to as the “capacity factor” is recommended to
the exponential equation. Recently, Muthusamy et al. (2018)
noted that the capacity factor and the wash-off coefficient
were interdependent and further improved the exponential
equation. Until now, current urban water quality models are
generally based on the above exponential equation (e.g., SWMM,
STORM, etc.). This simple exponential relationship neglect
spatial heterogeneity of the catchment. The efficacy of this
empirical relationship relies heavily on the extensive calibration
of the wash-off coefficients, which limits their predictive capacity.
Only few studies have been conducted to establish physically-
based models of the pollutant transport in urban landscapes.
Shaw et al. (2006) developed a saltation-type wash-off model
in which particles are repeatedly ejected from the impervious
surface by raindrop impacts and are transported laterally by the
overland flow, while settling back to the surface. Massoudieh
et al. (2008) proposed a wash-off model with the assumption
that detachment and reattachment of pollutants are considered
as rate-limited processes and the detachment rate varies with
the flow velocity according to a power law. Hong et al. (2016)
and Hong Y. et al. (2017) presented a two-dimensional pollutant
transport model by combining the Hairsine-Rose (H-R) model
and the FullSWOF (Full Shallow-Water equations for Overland
Flow) model. In the above studies, particulate pollutants (solids)
were often chosen as the targeted pollutants or the surrogate
of other pollutants, based on the assumption that most of the
pollutants are adsorbed on the surface of the solids (Herngren
et al., 2005; Miguntanna et al., 2013). In practice, stormwater-
borne pollutants should be divided into the dissolved and the
particulate phases (Sheng et al., 2008; Hong Y. et al., 2017). Liu
et al. (2013) noted that using solids as a surrogate to estimate
other pollutant species is inappropriate. Goonetilleke et al. (2005)
indicated that some pollutant moved in the dissolved form,
which was more bio-available and was therefore more likely
to cause water pollution. Pollutants such as nitrogen, bacteria,
and heavy metals can be dissolved in water and pose serious
water pollution issues, such as eutrophication and pandemics.
Hence, the common management strategy that targets the
particulate pollutants in urban stormwater management often
has only limited efficiency (Goonetilleke et al., 2005). An
accurate pollutant transport model can accurately predict the
pollutant transport process, which is crucial for the design of
pollution mitigation strategies such as rainwater collection and
treatment plants.
Previous studies about the dissolved pollutant (solute)
transport have mainly focused on the pollutant transport on soil
slopes. The mixing layer theory and the exchange theory are the
two predominant theories used to describe the mechanism of
the solute transport from soil ground into overland flow (Ahuja
et al., 1981; Ahuja and Lehman, 1983; Gao et al., 2004, 2005;
Walter et al., 2007; Yang et al., 2016). They all have suggested
that a “thin layer” (mixing layer or exchange layer) near the soil
surface controls the solute transfer between the soil and overland
flow. Only few studies (Xiao et al., 2016, 2017) investigated the
dissolved pollutant transport over impervious surfaces. To bridge
the gap in our understanding of the dissolved pollutant transport,
Xiao et al. (2016, 2017) conducted a series of experiments and
proposed a mathematical model to describe the transport of
dissolved pollutants. However, these studies were conducted on
a one-dimensional case and no studies have been reported to
take into account the effect of buildings in urban catchments.
Buildings’ geometry and layout are very complex. Some studies
(Cea et al., 2010; Liang et al., 2015) proved that buildings
and their layouts can greatly affect the rainfall runoff process,
which directly affects the pollutant transport process. Hence, it
is essential to consider the layout of buildings when investigating
the dissolved pollutant transport over urban catchments.
In addition, many previous studies assumed that the
pollutants were uniformly distributed on the ground surface
(Sartor et al., 1974; Kim et al., 2005; Egodawatta et al., 2007, 2009;
Xiao et al., 2017; Muthusamy et al., 2018). Some researchers (Pan
et al., 2017; Hong N. et al., 2017) have suggested that a practical
urban catchment was much more complicated with large spatial
variations in the degree of ground contamination. Naves et al.
(2017) indicated that the total load of pollutant on a road
surface was not uniform but was influenced by wind and rainfall
characteristics, traffic conditions, catchment characteristics, and
human activities. To the knowledge of the authors, there has been
insufficient research about the influence of pollutant distribution
on the pollutant transport process.
The objective of this study is to investigate the dissolved
pollutant transport process over urban catchments, especially
the effects of buildings and non-uniform pollutant distribution.
To do this, a two-dimensional dissolved pollutant transport
model has been developed to simulate the stormwater runoff
in built-up areas, combining the shallow water equations, the
advection-diffusion equation and an equation to describe the
release process of dissolved pollutant from impervious surface to
the runoff water. A series of laboratory experiments have been
conducted using artificial rainfall simulators and idealized urban
catchments. Observed experimental data were used to validate
the newly-developed mathematical model. Finally, the model is
applied to investigate the sensitivity of the results to the initial
non-uniform distribution of pollutants.
MATHEMATICAL MODEL
Shallow Water Equations
The fully-dynamic non-linear shallow water equations (SWEs)
are widely used to predict the rainfall-runoff processes (Liang
et al., 2015). For a rainfall event on an impermeable urban
catchment, the horizontal extent of the surface runoff is
much greater than the water depth. Hence, the depth-averaged
modeling approach is appropriate for this phenomenon. When
neglecting the viscosity and wind effect, the standard SWEs can
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be expressed as:
∂η
∂t
+ ∂UH
∂x
+ ∂VH
∂y
= I (1)
∂UH
∂t
+ ∂(U
2H)
∂x
+ ∂(UVH)
∂y
= −gH ∂η
∂x
− n
2gU
√
U2 + V2
H1/3
(2)
∂VH
∂t
+ ∂(UVH)
∂x
+ ∂(V
2H)
∂y
= −gH ∂η
∂y
− n
2gV
√
U2 + V2
H1/3
(3)
where η is the water surface elevation; t is the time; U and
V are the two components of the velocity in the x and y
directions, respectively; I is the rainfall intensity; H is the water
depth; g is the gravitational acceleration; n is the Manning’s
roughness coefficient.
The above SWEs can be numerically solved by a highly
efficient Total Variation Diminishing (TVD) MacCormack
scheme. This scheme consists of a predictor step, a corrector
step and a TVD modification step. It is of second order
accuracy in both time and space. This numerical scheme is not
herein repeated, as details can be found in Liang et al. (2006,
2007b). Liang et al. (2015) verified this scheme in idealized
catchments containing buildings. In flood inundation modeling,
four building representation methods are commonly used to
represent the unsteady and three-dimensional flow through
urban landscapes: building resistance (BR), building block (BB),
building hole (BH), and building porosity (BP). In the BR
method, a large resistance coefficient is imposed to cells that
fall within building footprints (Liang et al., 2007a). In the BB
method, the bed elevation is raised according to the heights of
buildings (Cea et al., 2010). In the BH method, the buildings
are represented as holes in the numerical mesh, and free-slip
wall boundary conditions are enforced at building walls (Cea
et al., 2010). In the BP method, spatially distributed parameters,
including porosity and drag coefficient, are introduced to model
the effects of buildings on flood water movement without
resolving their exact geometries (Schubert and Sanders, 2012). By
comparing these four methods of representing buildings, the BH
method was found to perform best in balancing the numerical
accuracy and stability (Cea et al., 2010; Schubert and Sanders,
2012). The BH method is adopted to account for the effect of
buildings in this study.
Pollutant Transport Equation
In this study, we focus on the dissolved pollutant transport
process, which is governed by the advection-diffusion equation.
The governing equation can be written as:
∂HC
∂t
+ ∂UHC
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+ ∂VHC
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= ∂
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(HDxx
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(4)
where, C is the depth-averaged pollutant concentration; Dxx,
Dxy, Dyx and Dyy constitute the dispersion-diffusion tensor
for depth-averaged mixing, whose principal direction coincides
with the flow direction. qC represents the source term, which
is used to introduce the pollutant distributed on the ground
into the simulation.
Liang et al. (2010) proved that the advection-diffusion
equation can also be solved by the TVD MacCormack scheme.
In this scheme, a second-order accurate central scheme is used
in the diffusion stage, and a five-point TVD modification is
imposed on the standard MacCormack scheme in the advection
stage. Liang et al. (2010) examined this model’s performance in
both idealized and real-life situations, and suggested that this
model has sufficiently high efficiency and accuracy for solving the
pollutant transport problems in natural aquatic environments.
The detailed theory and treatment with regard to this numerical
scheme can be found in Liang et al. (2010). In this study, the
values of Dxx, Dxy, Dyx, and Dyy are calculated according to
Liang et al. (2010).
In modeling the pollutant runoff process, a key issue is the
determination of the function of the source term qC, which
describes how pollutants initially located on the ground surface
are dissolved into the water column. When studying the dissolved
pollutant transport on soil slopes, most researchers (Ahuja et al.,
1981; Ahuja and Lehman, 1983; Gao et al., 2004, 2005; Walter
et al., 2007; Yang et al., 2016) have suggested that a “thin layer”
(mixing layer or exchange layer) near the soil surface controls
the pollutant transfer between the soil ground and overland flow.
In this study, we also adopt the concept of “exchange layer” and
assume that the exchange layer controls the release process of
dissolved pollutant into overland flow. According to previous
studies (Sartor et al., 1974; Egodawatta et al., 2007, 2009; Xiao
et al., 2017; Muthusamy et al., 2018), the amount of pollutant
remaining on the surface should taper off during a rainfall event,
indicating an exponential function. Therefore, we put forward the
following expression for qC:
qC = βe−αIt (5)
where α and β are the two empirical parameters; I is the rainfall
intensity. According to the law of mass conservation, all the
pollutant in a grid cell should be released into the water column
given a sufficiently long time, regardless of rainfall intensity.∫ ∞
0
qCdt = PD (6)
where PD is the pollutant load density equal to the initial amount
of pollutant per unit horizontal area. Substituting Eq. (5) into Eq.
(6) and integrating Eq. (6), we obtain:
β
αI
= PD (7)
Combining Eqs. (5) and (7), we can obtain the final expression
for qC:
qC = αIPDe−αIt (8)
where α is the comprehensive coefficient with a unit of m−1.
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FIGURE 1 | Computational meshes and experimental setups.
EXPERIMENTAL SETUP
A series of laboratory experiments have been conducted in a
rainfall-simulation hall to validate the presented model. Only
constant rainfall events were considered in this research, with
rainfall uniformity of over 90%. The rainfall uniformity is defined
as the ratio of the minimum rainfall intensity to the maximum
rainfall intensity over the whole catchment. Hence, a rainfall
uniformity of 90% means that the minimum rainfall intensity
measured at any point is 90% of the maximum rainfall intensity
over the catchment. Water nozzles are located 17 m above the
model catchment, so that raindrops can reach their final velocity
like natural rainfall events. Wooden boards of 2.96 m in length,
1.48 m in width and 0.02 m in thickness are used to simulate
the impervious catchments. Three short walls with the height
of 4 cm are fixed on three sides of the catchment so that runoff
water can only leave the catchment from the downstream outlet.
In a real urban area, the configurations of buildings are very
complex and vary from place to place. It is unrealistic to test all
the configurations of the buildings in this paper, and the main
aim of the laboratory experiments is to verify the mathematical
model in this study. Hence, following to Liang et al. (2015),
only two layouts of buildings (in-line arrangement and staggered
arrangement) and one plain catchment without buildings (used
as a reference) were constructed in this study, as shown in
Figure 1. The buildings occupy 25 % of the catchment area,
which is within the range of typical urban regions. To ensure
the uniformity of the pollutant distribution in the experiments,
each wooden board is divided into 50 (5 × 10) small squares
and one building is fixed in each square with glue. In China’s
cities, cubical buildings are very common. Hence, cubical model
buildings 0.148 m long, 0.148 m wide, and 0.10 m high are
fabricated using the same wooden material. To ensure that the
properties of the buildings and impervious catchments are the
same, all the surfaces were treated in the same way. Similar to
previous studies (Deng et al., 2005; Xiao et al., 2017; Zhang
et al., 2018), table salt (NaCl) has been chosen as the dissolved
pollutant tracer due to its wide availability and ease of use. In
the BH method, buildings are excluded from the computational
domain, whereas, the rainwater falling on top of the buildings is
compensated by increasing the imposed rainfall intensity over the
computational domain. Similarly, salt was spread uniformly on
the catchments, except on the top of buildings. The total amount
of salt apllied in each experiment is 125 g.
In this study, the catchment is considered to be of a
uniform slope with an angle of 1◦ to the horizontal. For the
convenience of collecting runoff samples, the catchment is placed
in a steel flume (3 × 1.5 × 0.5 m). The slope of the flume
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can be adjusted via a hydraulic system. Four constant rainfall
intensities are tested in the experiment. The selection of the
rainfall intensity is mainly based on the optimal operation
range of the rainfall simulators, rather than the climate of
a particular region. When scaling the experiment up, then
the used rainfall intensities correspond to heavy downpours
in tropic regions. Each rainfall event lasts for 1680 s. Runoff
was collected at the downstream outlet of the catchment and
monitored by continually measuring the water volumes at
short intervals. Salt concentration was determined using a
calibrated conductivity meter (Bante 950). The conductivity
meter used had a built-in temperature compensation circuit
so that all concentration values were referenced to a standard
temperature. The detailed information about rainfall-simulation
system, pollutant spreading, sample collection and data recording
can be found in Xiao et al. (2017) and Zhang et al. (2018).
NUMERICAL MODELING
The Finite difference method (FDM) is applied to solve the set
of equations given in section “Mathematical Model.” Specifically,
as mentioned before, the TVD MacCormack scheme is used to
solve both the SWEs and the advection-diffusion equation. The
full implementation details of the core numerical scheme can be
found in Liang et al. (2006, 2007b), as well as the key numerical
treatments regarding wetting/drying, adaptive time stepping, etc.
In the actual calculations, the SWEs and the advection-diffusion
equation are calculated separately. The SWEs are calculated first
and then the computed results (i.e., the variation of H, U, and
V with time at every grid point) are used as known data for
solving the advection-diffusion equation. Identical numerical
mesh is used in the SWEs and the advection-diffusion equation
for the same catchment. To suit the rectangular shapes of model
catchment and buildings, structured rectangular grid is used in
this study. The grid sensitivity analysis is performed for staggered
layout of buildings, because the flow pattern is more complex
than in other layouts. Three types of mesh with different grid
sizes are tested, which are referred to as GS1 (the grid size is
0.0098667 m), GS2 (the grid size is 0.0049333 m), and GS3 (the
grid size is 0.0032889 m). Computed results indicate that mesh
refinement produces no significant change in the results, while
the computational cost increases significantly. Therefore, GS1 is
chosen as the numerical mesh to use in the parametric studies.
The same grid size is used in all catchments, as shown in Figure 1.
Each catchment is discretized into 301 evenly distributed grid
points in the x direction and 151 evenly distributed grid points
in the y direction. The time step is restricted by the well-
known Courant-Friedrich-Lewy condition. With a time step
of 0.02 s, we estimate that the maximum Courant number√
U2 + V21t
/
1xis around 0.5. At the outlet boundary, the flow
undergoes a free fall after running out of the domain; at the other
three boundaries, the solid wall condition is specified.
RESULTS
Water Runoff Process
A large quantity of experimental data can be obtained in a
relatively short period of time with the use of the rainfall
simulator over small idealized catchments, which are then used to
FIGURE 2 | Close-up of the measured and computed runoff rates. In the figure legend, B-22.36 refers to blank board (without building blocks) subject to
22.36 mm/h rainfall. Similar conventions are applicable to other notations, with letter “I” referring to the in-line layout and “S” referring to the staggered layout.
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validate the computational model. The Nash-Sutcliffe efficiency
(NSE) (Nash and Sutcliffe, 1970) has often been adopted to
evaluate the model performance (Yang et al., 2016; Bonhomme
and Petrucci, 2017). In this study, the estimation of Manning’s
parameter (n) is achieved by maximizing the Nash-Sutcliffe
efficiency (NSE) of the prediction, with an adjustment interval of
0.005 s/m1/3. Figure 2 shows all the water runoff processes under
various conditions, including both measured and computed
results. The values of Manning roughness coefficient n has been
determined to be 0.045 s/m1/3 for the blank board and 0.050
s/m1/3 for other two boards. The difference of n between different
catchments may be related to the roughness height due to the
existence of wooden blocks. In Figure 2, the runoff process
between 500 s and 1500 s is omitted to improve the visualization
of the rising and falling limbs of the curves. It shows that: (1) the
SWEs are capable of predicting the rainfall runoff processes over
catchments with and without buildings; (2) for each catchment,
the runoff rate increases at first and then reaches equilibrium,
which is equal to the rate of the rainfall input, followed by a sharp
fall when the rainfall stops; (3) buildings can slow down the runoff
concentration, and the staggered layout of buildings is more
effective in increasing the time of concentration; (4) in the falling
limb of the runoff process, buildings can delay the runoff decline
and the staggered layout of buildings extends the time of decline
more than the in-line layout. These observations can be attributed
to: (a) buildings can frequently change the direction of the runoff
flow and thus increase the length of the flow path, as shown in
Figure 3, and (b) the presence of buildings increases the flow
resistance. Figure 4 presents the snapshots of the water depth and
velocity distributions over the three considered catchments. At
time t = 180 s, all the catchments have attained a steady state. It
is evident that buildings in general can reduce the flow velocity
and increase the water depth, especially on the upstream side
of the buildings. Similar results were found in previous studies
(Cea et al., 2010; Liang et al., 2015). The overland flow can only
remain laminar in the early stage of the rainfall or when the runoff
almost reduces to zero after the rainfall stops. Under the impact
of raindrops and surface roughness, turbulence is triggered very
quickly soon after the start of the rainfall.
Runoff of Uniformly-Distributed Pollutant
In the pollutant transport model presented in this study, only
one parameter (α) needs to be determined according to the
experimental data. As before, the value of α for each experiment
is obtained by maximizing the Nash-Sutcliffe efficiency (NSE)
of the prediction. The obtained values for different building
layouts are listed in Table 1. The measured and predicted
pollutant concentrations, under different conditions, are shown
in Figure 5. The pollutant concentration decreases with time
and finally approaches zero, which is satisfactorily predicted
by the presented transport model. In addition, the pollutant
concentration is affected by the rainfall intensity and the
layout of buildings. The concentration increases as the rainfall
intensity decreases.
Pollutant transport rate directly reflects the pollutant
transport process. Figure 5 shows the measured and predicted
pollutant transport rates under different conditions. It is
FIGURE 3 | Streamlines of the flow over different catchments.
evident that the pollutant transport rate in all conditions show
a similar single-peak variation, consisting of a rising limb at
the beginning and a falling limb later on. In each case, the
pollutant transport rate increases from zero to a maximum
and then decreases to zero. The maximum pollutant transport
rate in each condition is related to the rainfall intensity and
the layout of buildings. The larger the maximum pollutant
transport rate, the shorter the time required for the maximum
transport rate to occur after the start of rainfall. Figure 5
indicates that the present model over-predicts the pollutant
transport rate, especially with regard to the maximum value.
It is mainly because, (a) the release process of dissolved
pollutant is described by an empirical relationship rather
than by an accurate process-based equation; (b) a small
fraction of pollutant on the surface cannot be collected in
the experiment because of splashing, small leakage, etc; (c)
the measured pollutant transport rate at any time is the
average of the pollutant transport rate over the sampling
interval of 10 s, which tends to underestimate the maximum
value. Overall, the measured pollutant transport rates are
in good agreement with those predicted by the presented
numerical model.
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FIGURE 4 | Snapshots of the water depth and velocity distributions in three cases (B-48.07; I-46.69; S-42.94).
TABLE 1 | Estimated values for α and α I.
Building layout –
rainfall intensity
α (m−1) αI (s−1) Building layout –
rainfall intensity
α (m−1) αI (s−1) Building layout –
rainfall intensity
α (m−1) αI (s−1)
B-22.36 1610 0.010 I-24.69 1460 0.010 S-21.52 1420 0.085
B-48.07 1350 0.018 I-46.69 1310 0.017 S-42.94 1340 0.016
B-60.80 1240 0.021 I-61.41 1170 0.020 S-59.02 1160 0.019
B-77.43 1210 0.026 I-79.56 1040 0.023 S-73.35 1030 0.021
Figure 5 suggests that the differences in the concentration
decay among the different building layouts are insignificant.
This may be attributed to the small size of the experimental
catchments. It is still can be seen that the existence of
buildings slows down the pollutant transport rate, especially
in the staggered layout case. This is because the buildings
slow down the runoff process which drives the pollutant
transport. The influence of buildings and their layout on the
pollutant transport process can be generally quantified by the
values of α and αI, as shown in Table 1. The value of αI
is an indicator of the change in the pollutant release rate.
The results show that for the same rain event the values
of α and αI do not change significantly. This is mainly
because the buildings do not play a significant role on the
pollutant release from the impervious ground into runoff
water. They only control the runoff process. Figure 6 presents
the snapshots of the pollutant concentration distributions
in the three model catchments. It is evident that buildings
do have a significant impact on the pollutant concentration
upstream and downstream of buildings, especially in the
initial runoff stage. For the same building layout, the value
of α increases with the decreasing rainfall intensity, while
the opposite is the case for αI. It implies that the rainfall
intensity is an important factor that controls the pollutant
transport process.
Runoff of Non-uniformly Distributed
Pollutants
In this section, we mainly study the influence of pollutant
distribution on pollutant transport process using the developed
transport model. Previous researchers (Sartor et al., 1974; Kim
et al., 2005; Egodawatta et al., 2007, 2009; Xiao et al., 2017;
Muthusamy et al., 2018) have assumed that the pollutants were
distributed uniformly over the catchment. In fact, uniform
distribution is a very special case of linear distributions. Hence,
we put forward some general linear distributions as sketched
in Figure 7 to study their influence on pollutant transport. In
each distribution, the total amount of pollutant applied is 125 g.
For convenience, the average amount of pollutant per unit area
over the whole catchment is assumed to be 1 (i.e., L1.00). In
Figure 7, L1.50 refers to the amount of pollutant per unit area at
the catchment outlet as 1.50. As the initial pollutant distribution
is linear L1.50 leads to the amount of pollutant per unit area of
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FIGURE 5 | Measured and computed pollutant concentrations and transport rates. (A) Concentrations on blank board. (B) Transport rates on blank board.
(C) Concentrations with in-line layout. (D) Transport rates with in-line layout. (E) Concentrations with staggered layout. (F) Transport rates with staggered layout.
0.5 at the upstream end of the catchment. Similar notations apply
to other cases. The rainfall intensity, slope, layout of buildings
and calibration parameters remain the same for all pollutant
distributions. According to the numerical model established in
this study, the amount of pollutants has no impacts on the values
of parameters (n and α).
Figure 8 presents the computed variations of the pollutant
concentration and pollutant transport rate at outlet in different
conditions. It shows that, (a) the pollutant distribution has a
major impact on the variation of the pollutant concentration
at the catchment outlet, especially during the initial runoff
process; (b) the amount of pollutants per unit area at outlet
directly influences the initial pollutant transport; (c) the pollutant
concentration at outlet can increase with time under some initial
pollutant distributions; (d) all these concentration variation
curves approximately cross at the same point, approximately at
the time of concentration. It may be because the waterdrops
moves from the farthest point to the catchment outlet at the time
of concentration, and thereafter the whole catchment contributes
to the pollutant discharge at the outlet. Prior to this instant,
the larger amount of pollutants per unit area at outlet leads
to a greater concentration at the outlet. After this instant, the
opposite trend is observed. As for the pollutant transport rates
in different conditions, they all show similar single-peak shapes,
although there are differences in the maximum transport rate and
the time when it occurs. It should be noted that the maximum
transport rates in different conditions are about the same. Similar
to the concentration curves, all these transport rate curves cross
at the same point, approximately at the time of concentration.
At this instant, both the concentration and the runoff rate
are the same for the same catchment, regardless of the initial
pollutant distribution.
To provide a better understanding of the influence of the
initial pollutant distribution on pollutant transport process, the
evolutions of the average concentrations at different sections
are presented in Figure 9. It is evident that different initial
distributions give different concentration profiles. The initial
concentration distribution shows resemblance to the subsequent
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FIGURE 6 | Snapshots of the pollutant concentration distributions in three cases (B-48.07; I-46.69; S-42.94).
FIGURE 7 | Initial pollutant distributions.
pollutant distribution. When the amount of pollutants per
unit area at outlet is lower than the catchment-averaged value
(such as L0.00 and L0.50), the downstream concentration
may increase at first due to the contribution of pollutant
from the upstream area. Later on, the concentrations decrease
with time. For other cases, the concentration over the whole
catchment decreases simultaneously throughout the rainfall
event. In general, as time goes on, the concentration non-
uniformity over the catchment becomes smaller and smaller,
and the pollutant concentration tends to linearly increase in the
direction of the flow.
DISCUSSION
As in previous studies (Deng et al., 2005; Xiao et al., 2017; Zhang
et al., 2018), sodium chloride (table salt) has been chosen as the
dissolved pollutant tracer in this study. Therefore, in this study,
we assume that the table salt dissolves over a short period of
time Tr . Taking B-48.07 as an example, Figure 10 shows the
comparisons of the computed results with different values of
Tr and the resulted predicted by the present model described
in section “Mathematical Model” (labeled as the exponential
function in Figure 10). Figure 10 suggests that the vast majority
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FIGURE 8 | Pollutant concentrations and transport rates corresponding to different initial pollutant distributions. (A) Concentration in case B-48.07.
(B) Concentration in case I-46.69. (C) Concentration in case S-42.94. (D) Transport rate in case I-46.69.
of table salt can be transported out of the catchment very quickly
if the assumption that table salt gets dissolved instantly into water
is valid. However, this assumption lead to large disagreement
with the experimental results. In contrast, the present model,
which assumes that the dissolved pollutant releases gradually
into the runoff water, obtains a satisfactory prediction of the
pollutant transport process. A question arises as to what controls
the dissolved pollutant release from the impervious surface
into runoff water.
Deng et al. (2005) have suggested the existence of an active
surface layer at the soil surface that controls the pollutant
transfer from soil water to runoff water. Coincidentally, Gao
et al. (2004, 2005) and Walter et al. (2007) have proposed the
idea of “exchange layer” near the soil surface, assuming that
chemicals in the soil slowly diffuse into the exchange layer.
Similar to the previous studies (Gao et al., 2004, 2005; Deng
et al., 2005; Walter et al., 2007), we adopt the concept of the
“exchange layer” and assume that a thin water layer exists on the
impervious surface and controls the pollutant transfer between
the thin water layer immediately above the catchment surface
and overland flow. The thin water layer can form before the
overland flow occurs. In practice, the surface runoff will not
occur as the first drop of rain falls on the catchment. The
movement of the small amount of water at the beginning of
the rainfall is heavily influenced by the surface tension and the
vertical boundary-layer structure of the flow, which are not fully
accounted for in the present depth-averaged numerical model. It
can be found from the experimental results in Figure 2 that a
short period of time is needed before the overland flow occurs.
Even after the overland flow occurs, due to the rough bed surface
and viscosity of water, a thin viscous water layer with a low
velocity will be formed underneath the overland flow, as shown in
Figure 11B. In studying the movement of suspended sediments
in a turbulent boundary layer, Chang et al. (2015) suggested
that sediment particles are released from the viscous sublayer,
which is 0.00095 m thick. In the SWEs, the viscous sublayer
is neglected. Only the depth-averaged velocity is used in the
calculations, which corresponds to uniform transport of pollutant
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FIGURE 9 | Computed pollutant concentration along the catchment with different initial pollutant distributions (I-46.69). (A) L0.00. (B) L0.50. (C) L1.00. (D) L1.50.
FIGURE 10 | Computed results of different model setups.
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over the depth as shown in Figure 11A. Once the pollutant
enters the runoff water, it is transported out of the catchment
quickly. Hence, as shown in Figure 10, large amounts of the
dissolved pollutant can be transported out of the catchment at the
time of concentration. This is based on the assumption that the
pollutant can be dissolved instantly into water and the rainwater
falling on the most-upstream part of the catchment arrives at
the catchment outlet at the time of concentration. Normally, the
table salt saturation concentration is about 360 g/L at 20 degrees
Celsius. The total amount of table salt used in this study for
each rainfall event is 125 g. It only needs 347.2 mL of water to
dissolve all these table salts. This volume of water corresponds to
a water depth of 0.000079 m, assuming that water evenly spreads
FIGURE 11 | Schematic diagram showing dissolved pollutant transport.
(A) Ignoring velocity non-uniformity over depth. (B) With actual velocity
distribution.
over the catchment. This tiny water depth is generally smaller
than the thickness of viscous sublayer. Therefore, the amount of
rainwater in the thin viscous sublayer is sufficient to dissolve all
the pollutants in the catchment. In the viscous sublayer, the flow
is much slower than that in the upper runoff flow. Therefore,
more time will be needed to transport the dissolved pollutant
contained restricted in the viscous sublayer out of the catchment,
as shown in Figure 11B. In other words, there is a thin water layer
with lower velocities, underlying the runoff flow, that control
the dissolved pollutant transfer between catchment ground and
upper runoff flow. The concept of the “exchange layer” is our
assumption for the convenience of modeling the complicated
dissolution process and the three-dimensional turbulent mixing
phenomenon by a simplified and efficient method. However, our
study shows that such simplified approaches are able to obtain a
general agreement between modeling and measurements. Hence,
we claim that our approaches are satisfactory, at least in the
context of engineering applications.
As mentioned before, the pollutant distribution has a
significantly impact on the pollutant discharge at the outlet,
especially at the initial runoff stage. Xiao et al. (2017) noted that
the initial transport process is crucial for dissolved pollutants
as a significant proportion of them are transported during the
initial stage. The initial part of the runoff water is associated
with the first flush, which involves disproportionately high
concentration of pollutants during the initial runoff hydrograph
and can causes rapid degradation of water quality. Therefore,
many efficient stormwater treatment measures mainly target the
initial runoff water. Zhang et al. (2010) suggested that the initial
rooftop runoff and the initial road runoff should be collected and
treated separately before being discharged to the environment
or being utilized. Figure 12 illustrates the cumulative pollutant
transported over a blank board corresponding to different
initial pollutant distributions. It shows that the initial pollutant
distribution can significantly influence the cumulative pollutant
transport process. For instance, around 50.90% of the total
FIGURE 12 | Cumulative transport percentage for different initial pollutant distributions (B-48.07).
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pollutants is transported out of the catchment within 60 s with
the pollutant distribution of L2.00. However, only half of that is
transported with the pollutant distribution of L0.00. Therefore,
pollutant distribution should be considered when designing
stormwater pollution mitigation strategies.
In this study, sodium chloride (table salt) is chosen as a
dissolved pollutant tracer, which is an easily soluble material.
In practice, different chemicals may have different physical and
chemical properties. Some chemicals may not dissolve quickly in
water and thus the dissolved and particulate forms will coexist.
This phenomenon has not been considered in this study, but a
fraction coefficient may be introduced, according to which the
dissolved and particulate materials can be studied separately.
In practical applications, catchments involve complex terrains,
infiltration and non-uniform rainfalls. To accurately reproduce
the behavior of real catchments, distributed hydrological and
environmental models should be established, which divide the
whole catchments into small areas of uniform properties. Our
findings in this paper are based on experiments and analyses
with regard to simple idealized urban catchments. However,
our results can be used to refine the fundamental assumptions
concerning the hydrological and environmental response of each
small area. Future research needs to be carried out to take into
account the stormwater networks, the distribution of surface
imperviousness and rainfall uncertainty. Continued research in
this area can help improve the design of urban stormwater
management and pollution mitigation strategies.
CONCLUSION
In this study, the dissolved pollutant transport process over
idealized urban catchments has been investigated. A two-
dimensional transport model has been developed based on
the shallow water equations and the depth-averaged advection-
diffusion equation, with an assumption of “exchange layer” that
controls the pollutant release from the ground surface to runoff
water. A series of laboratory experiments have been conducted
to validate the presented model, which includes two building
layouts. The effects of buildings and initial pollutant distribution
are particularly investigated. The following can be concluded:
(1) The existence of buildings slows down the pollutant
transport process, especially when the buildings are
staggered. Such an effect is consistent with the findings
related to the overflow processes.
(2) Overall, the water and dissolved pollutant runoff
phenomena can be correctly predicted by the numerical
model proposed in this study.
(3) The initial pollutant distribution has a significant influence
on the concentration and the pollutant transport rate,
especially at the initial runoff stage. The pollutant
concentration at the outlet can either increase or decrease
with time, depending on the initial distribution.
(4) For a constant rainfall event over the same catchment,
the pollutant concentration and transport rate at the time
of concentration appear to be insensitive to the initial
pollutant distribution.
A real urban area is more complicated, with sewage
networks, spatially and temporally varying ground features and
rainfall intensity. We will carry out further experiments and
computations with variable rainfall intensities.
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